The surface circulation in the Japan Sea is investigated using a 1.5 layer reduced gravity model. Historical observations suggest strongly that an anti-clockwise circulation is dominant in the subpolar region north of the Polar Front as a general feature. This anti-clockwise circulation as well as the branching of the Tsushima Warm Current was simulated well by incorporating the Na et al. (1992)'s wind stress. The positive curl of the wind stress in the northern and the northwestern Japan Sea was found to play an important role in the formation of the subpolar gyre and the separation of the western boundary current (the East Korean Warm Current) in the Japan Sea.
where one large gyre is seen in the whole Japan Basin with a smaller gyre to the north and south of it, respectively. So it is expected that the cyclonic gyres exist somewhere in the cold current region.
The Siberian side of these cyclonic gyres has been called traditionally as the Liman Cold Current (LCC) since Schrenck (1873) had named it first (Kawai, 1974; Hahn, 1988) . It has been accepted as one of the main currents in many historical schematic current charts proposed in Japan (Kawai, 1974) . In reality, however, most of them were depicted only based upon tracer distributions without any direct current measurements. It seems that the existence of the LCC should be resorted to a few current measurements conducted by Russian investigators: it is reported that a part of the LCC, also known as the Shrank Current (according to Russian local terminology), flows southward from 51°N to about 47°N along the northern Siberian coast in all seasons (Ponomarev and Yurasov, 1994) . This current seems to be followed by the Primorskoe Current (means the coastal current), which was observed to flow southwestward along the southern Siberian coast from 44°N to Peter The Great Bay in summer (Belinsky and Istoshin, 1950) and also in winter (Yarichin and Ryabov, 1994) . Naganuma (1977) and (b) by Yarichin (1980) . (C: cold water region, W: warm water region, H: relatively high temperature region, NB: Nearshore Branch, EKWC: East Korean Warm Current, LCC: Liman Cold Current, NKCC: North Korean Cold Current, EKB: East Korean Bay, JB: Japan Basin, P: Peter the Great Bay.)
The LCC is taken over by the North Korean Cold Current (NKCC) flowing southward along the northeast coast of Korea, which was fairly often observed during the period of 1920-1930's through the drift bottle experiments, hydrographic observations and some direct current measurements using current meter mostly south of 43°N (Nishida, 1935 (Nishida, , 1936 (Nishida, , 1938 (Nishida, , 1942 . Recently, this cold current system is identified at the sea surface through the satellite images, where the LCC and the NKCC sometimes manifest themselves by forming the small eddies between the cold current axis and the Siberian and Korean coast (Ostrovskii and Hiroe, 1994) .
Though no more information is available after 1940's on the direct current measurement in the northeastern coastal waters of Korea, one can find more about the observational facts at the southern tip of the NKCC in the south of 38°N. Within 20 km from the coast near 38°N the NKCC flowing southward with the speed of 40-50 cm/sec was observed at the surface layer in June through August (Lee and Chung, 1981; Lie and Byun, 1985) . Acoustic Doppler Current Profiler (ADCP) measurement has shown that the vertical scale of the NKCC extended from the surface to about 150 m depth near the coast with the southward component of more than 10 cm/sec in June, 1992 (Shin et al., 1995) . However, south of 37°N, it becomes very weak at the surface layer on account of the northward flowing EKWC and can be observed only within few kilometers from the coast (Lee and Chung, 1981) .
Meanwhile, it is already known from the oceanographic observations covering the northern Japan Sea that the offshore extension of the EKWC exhibits an eastward flow along the Polar Front (Uda, 1934; Ohwada and Tanioka, 1972; Nishiyama et al., 1992) . Then it seems to be quite reasonable to suppose that this eastward flow forms an anti-clockwise recirculation together with the southward flowing cold currents in the continental side and the northward flowing Tsushima Warm Current along the west coast of Hokkaido (Akagawa, 1955; Hata, 1962; Hatakeyama et al., 1985) . The image of the anti-clockwise circulation in the cold current region is supported by the recent CREAMS (Circulation Research of the East Asian Marginal Seas) observation in the Russian territory. The CREAMS Group found the minimum of dynamic height on the sea surface at the center of the cold water region (41°30′ N, 135°E) (Kim, 1994) . The CTD observations by Hirai (1994) also found the feature of an anti-clockwise circulation in the northern cold water region east of 133°E. These observations suggest the existence of an overall anti-clockwise circulation in the cold current region with at least one smaller-scale cyclonic gyre over the eastern Japan Basin.
As for the formation of the LCC/NKCC, Seung (1992) has shown the importance of both wind and thermal forcing in a geometrically simplified domain using a quasi-geostrophic 1.5 layer model. Sekine (1986 Sekine ( , 1991 also noticed the effect of wind forcing in a two layer model, but the wind stress field adopted in his model does not seem to present the typical curl of wind stress over the Japan Sea, as will be discussed later.
The purpose of this paper is to consider the formation mechanism of the subpolar gyre in the Japan Sea under the wind forcing and the separation of the EKWC which is closely related to the former. We use a simple reduced gravity model, because it is expected to give clear interpretations for the numerical results compared to comprehensive ocean general circulation model.
Model
The numerical model used here is a nonlinear 1.5 layer (reduced gravity) model in a spherical coordinate. Only motion of the upper layer is considered and the lower layer is assumed to be infinitely deep and motionless. Then the governing equations are
Here u and v are the zonal (λ) and meridional (φ) components of velocity, while η is the sum of the displacements at the surface (η 1 ) and the interface (η 2 ), and H the upper layer thickness in motion (Fig. 2) . The term f is the Coriolis parameter, a the radius of the earth, g′ the reduced gravity and ρ 0 the average density of the upper and the lower layer. τ λ and τ φ are the zonal and meridional components of wind stress, respectively. The coefficient R denotes the coefficient of Rayleigh drag, A h the coefficient of horizontal eddy viscosity and γ the coefficient of Newtonian damping. The coefficient κ corresponds to the coefficient of horizontal eddy diffusivity for density, which was introduced in the reduced gravity model by Masuda and Uehara (1992) . The depth of the upper layer is taken as 200 m. The reduced gravity g′ is assumed to be a constant value of 2.0 cm/sec 2 , considering the typical values of the Tsushima Warm Current water and the cold water beneath it, though significant spatio-temporal variations of density are expected at the surface layer. Since η 1 is very small compared to η 2 (η 1 /η 2 ≈ g′/g where g is the gravitational acceleration), η will be regarded as the interface displacement in the following. R and A h are 1.0 × 10 -8 /sec and 1.0 × 10 7 cm 2 /sec which yield the proper order of magnitudes for the width of the western boundary layer in the present model: the Stommel layer (R/β) is 500 m and the Munk layer ((A h /β) 1/3 ) is 37 km. The coefficient κ is zero in Experiment 1-3, but different value other than zero is considered in Experiment 4-6.
The damping coefficient γ controls the propagation of a long Rossby wave from the eastern boundary (Kawase, 1987) . In the test experiment by Takaki (personal communication) when γ is as 1.0 × 10 -7 /sec (corresponding to about 100 days damping time), only eastern boundary layer appears, because Rossby wave damps down before reaching the western boundary. While in the case of 1.0 × 10 -9 /sec (order of 30 years damping time), only western boundary layer remains. The transit time of internal long Rossby wave, L/βλ R 2 , over the Japan Sea is about 1300 days (3.5 years) if L is taken as 1000 km and λ R (internal Rossby deformation radius, g′ H 0 /f ) as 21 km at 40°N. We adopt γ as 1.0 × 10 -8 /sec (about 3 years of damping time scale), which gives a proper order of magnitude in the present study.
As for the wind forcing, we used monthly mean wind stress data which were computed from the twice daily weather map for the period of 1978 to 1987 by Na et al. (1992) .
Through the experiments except the closed ocean case (Experiment 2) the inflowing volume transport is fixed as a constant value of 2 Sv (10 6 m 3 /sec) with no horizontal shear of the northward velocity at the model inlet. At the Tsugaru and the Soya Straits the radiation condition is applied for the eastward component of velocity and the slippery condition for the northward component. No slip condition is imposed for the velocity (u, v) and no mass flux condition for η at the lateral boundaries.
To incorporate the topographic effect, the inverted bottom topography is given along the Japanese coast as shown in Fig. 2 : H 0 (the depth of the upper layer at rest) decreases linearly toward the coast. The finite differencing for equations (1)- (3) is made on the Arakawa C grid (Mesinger and Arakawa, 1976) . A potential enstrophy conserving scheme for a spherical grid is adopted following Arakawa and Lamb (1981) , which improves the simulation of nonlinear aspects of the flow. Grid interval of the model ocean is 1/3° in both longitudinal and latitudinal directions. We did 6 cases of experiments, which are described in Table 1 . After 7 years of numerical integration, the total kinetic and potential energy reached almost statistical steady state for each experiment. We will discuss only the results of the last year (10th year) in the following sections. Steady inflow means the inflow of a constant volume transport of 2 × 10 6 m 3 /sec. In Experiment 2 model ocean is closed and flat.
Results and Discussion
At first, let's see the case where only inflow and outflow are allowed, but without wind forcing (Experiment 1). Figure 3 shows the distributions of horizontal velocity and interface displacement. The interface displacement η shows the horizontal distribution very similar to the flow pattern like a streamfunction. The Nearshore Branch flows steadily along the Japanese coast following the constant (inverted) bottom topography as a topographically controlled current. The EKWC branches away from the Nearshore Branch at the mouth of the Japan Sea and flows along the Korean coast up to 42°N, where it separates from the coast and flows offshore toward the Tsugaru Strait. It should be noted that the separation latitude is controlled by the latitude of the outflow.
In Experiment 2 only wind forcing is applied without inflow and outflow, assuming that the model ocean is closed and flat. Then there appears a large and strong anti-clockwise circulation in the northern part of the Japan Sea in winter (Fig. 4(a) ). It consists of a south/southwestward flow along the Siberian and Korean coast and an offshore return flow. This circulation is composed of two separate cyclonic gyres: one locates off the East Korean Bay, centered at about 39°30′ N, 130°30′ E and another in the northeastern Japan Basin, centered at 43°30′ N, 138°E. It is interesting to note that the former agrees well with the cyclonic gyre in the East Korean Bay shown in Fig. 1(b) . The southward flow in this gyre, that is, the NKCC affects to about 36°N in the Korean coast in winter. The eastward return flow is formed at 39-41°N in the central region, which is corresponding to the position of the Polar Front in the central Japan Sea (Isoda et al., 1991) . In summer, this anti-clockwise circulation system becomes weak and a southwestward flow appears along the Japanese coast (Fig. 4(b) ), which will be discussed with the distribution of wind stress curl later in this section. Figure 5 shows the result of the case in which the inflow and outflow are given together with the wind forcing. In winter, the EKWC cannot flow farther to the north along the Korean coast on account of the strong NKCC flowing southward (Figs. 5(a) and 5(b) ), while in summer it becomes strong as the former becomes weak (Figs. 5(c) and 5(d) ). It separates from the Korean coast at about 36°30′ N in winter and 37°40′ N in summer. A general pattern of the Polar Front is formed along the latitude 40°N in the distribution of the interface displacement (Figs. 5(b) and 5(d)).
The results of Experiments 2 and 3 are characterized by the presence of a basin-scale anticlockwise circulation with the two cyclonic gyres inside it. These features are different with the previous numerical results in that anti-clockwise circulation is confined mainly north of 42°N in winter, elongated east to west (Vasilev and Makashin, 1992) or even clockwise circulation is dominant in the northern half of the Japan Sea (Sekine, 1986 (Sekine, , 1991 . The reason is that the northern circulation simulated in the present model is largely dependent upon the characteristics of the adopted climatological wind stress field. Figure 6 (a) shows the distribution of wind stress curl in January computed from the twice daily weather map for 10 years by Na et al. (1992) , where maximum of positive curl appears at two locations in the northern Japan Sea. The positive curl with the magnitude of more than 5 × 10 -9 dyn/cm 3 continues from October to next March almost at the same place as is inferred in the annual mean distribution (Fig. 6(b) ) and spins up the ocean. In the rest of the season it becomes almost zero or turns to small negative value from the positive (Na et al., 1992) . However, the wind stress curl calculated from the global data set such as Hellerman and Rosenstein's (1983) or Kutsuwada and Sakurai's (1982) which Sekine (1986 Sekine ( , 1991 used does not show such a salient characteristic of wind in this marginal sea. From the distribution of interface displacement between the upper and the lower layers (Figs. 5(b) and 5(d)), it is certain that the lower cold water will form a dome-like distribution inside the corresponding northern and northwestern cyclonic gyres, respectively. Figure 7 shows the temporal change of interface displacement on the section along the latitude 43°30′ N. The cold water dome represented by the negative maximum of interface displacement starts to rise from December by the upward Ekman pumping of wind and develops strongly during February to April. At the same time, the interface displacement near 140°E shows the westward propagation of an internal Rossby wave. It seems that the Rossby wave propagation helps to weaken the eastern half of the cold water dome together with the spin-down process by the wind from May to September. The western flank of the cold water dome remains the same because it reached the western boundary already. The phase speed of internal Rossby wave is estimated to be about 1.2 cm/sec in Fig. 7 .
From October to next April, the negative curl of wind stress appears off the west coast of Japan though its magnitude is less than half of the northern positive maximum (Na et al., 1992) , which is responsible for the southwestward flow along the Japanese coast during March to November (Fig. 4(b) ).
Overshooting of the WBC is one of the afflicting problems in the Ocean General Circulation Model. Even in the modeling of the Japan Sea the multi-level primitive equation model does not succeed in the proper separation of the WBC, resulting in an overshooting of the EKWC more or less (Seung and Kim, 1993; Kim and Yoon, 1994) . In our experiment, the EKWC separates nicely from the Korean coast with its seasonal variation. Considering the separation latitude in Experiment 1 (almost equal to the latitude of the Tsugaru Strait), it can be understood easily that the proper separation obtained in Experiment 3 is greatly indebted to the existence of the northwestern cyclonic gyre. Figure 8 shows the seasonal variations in the volume transports of the WBC at each section indicated in Fig. 4 . The maximum transport of the cold currents driven by the wind reaches to about 2.6 Sv at the northernmost section D and about 1.4 Sv at the southernmost section A in mid-February, while the transport of the EKWC at section A is estimated to be about 0.9 Sv in Experiment 1. The EKWC separates at the south of the latitude of section A from November to March (not shown here) when the NKCC is stronger than the EKWC in the volume transport at section A.
In Experiments 1 to 3, we did not consider the effect of horizontal diffusion of interface displacement. When both the horizontal diffusion and the bottom friction are absent, the width of the western boundary layer is given as the Munk layer in the presence of lateral friction. Incorporation of horizontal diffusion, however, is known to change the structure of the western boundary layer into two different (viscous and diffusive) regimes according to the relative intensity of model parameters (Masuda and Uehara, 1992) . Takaki et al. (1994) have shown in the fine-meshed reduced gravity model that the width of the western boundary layer diminished as the horizontal diffusion was increased in the viscous regime. This caused the strengthening of the nonlinearity of the WBC, thereby induced the overshooting of the WBC. When the horizontal diffusion became larger than the critical value, the western boundary layer changed into the diffusive regime.
In Experiments 4 to 6, we introduced horizontal diffusion term with a different order of magnitude in κ but keeping other parameters unchanged. Figures 9(a)-9(c) show the distributions of horizontal velocity in February when κ is taken as 10 6 , 5 × 10 6 and 10 7 cm 2 /sec, respectively. Almost no difference is found in the separation latitude between the cases when κ = 10 6 cm 2 /sec and κ is zero (Fig. 5) except that the former is decreased about 20-30 % in the magnitude of interface displacement of the northern cyclonic gyre compared to the latter. As κ is increased further, however, the northern and the northwestern cyclonic gyres become weaker and the separation position of the EKWC moves to north: from 37°N latitude when κ = 10 6 cm 2 / sec to 37°20′ N latitude when κ = 10 7 cm 2 /sec. Under the assumption of quasi-geostrophic dynamics, the dissipation of vorticity by horizontal diffusion is given as κ( f 2 /c 2 )∇ 2 η (Masuda and Uehara, 1992) . So, the dissipation is more effective at high latitudes and at less stratified waters. It is expected in Experiments 5 and 6 that the enhanced horizontal diffusion dissipates effectively the vorticity of the northwestern (and also northern) cyclonic gyre, which weakens the southward flowing NKCC.
Conclusion
As is reviewed in Section 1, many observational facts combine to give us a picture of a basinwide anti-clockwise circulation in the northern Japan Sea with smaller scale cyclonic gyre inside. Using a simple reduced gravity model, we successfully simulated this northern circulation system including the separation of the EKWC, the Nearshore Branch following the Japanese coast and the general feature of the Polar Front.
The formation of the cyclonic gyres north of the Polar Front is due to the positive curl of the wind stress affecting steadily on the corresponding sea areas in winter. The wind stress field also plays a very important role to the separation of the EKWC and the southwestward shift of the Polar Front in the continental side.
It is a little difficult to examine in detail the separation problem of the WBC in this kind of some coarse-resolution models. But present numerical model solution suggests that the separation position is determined at first order by the competition between the strengths of the opposing WBC as is shown in the example of the EKWC and the NKCC.
Thermohaline forcing is known to be another candidate for the formation of the northern cyclonic gyre under an idealized condition of numerical model (Kim and Chung, 1989; Seung and Kim, 1989; Seung, 1992) . As a future numerical investigation, more quantitative analysis should be made on the respective contributions of wind and buoyancy flux to the circulation in the Japan Sea based upon realistic field data.
